Previous work has identified Indian hedgehog (Ihh) as a major mediator of progesterone signaling during embryo implantation. Ihh acts through its downstream effector smoothened (Smo) to activate the GLI family of transcription factors. In order to gain a better understanding of Ihh action during embryo implantation, we expressed a Cre-recombinase-dependent constitutively activated SMO in the murine uterus using the Pgr tm2 ( 
SmoM2
+ uteri revealed numerous features such as uterine hypertrophy, the presence of a stratified luminal epithelial cell layer, a reduced number of uterine glands, and an endometrial stroma that had lost its normal morphologic characteristics. Microarray analysis of 3-mo-old PR cre/+
+ uteri demonstrated a chondrocytic signature and confirmed that constitutive activation of PR cre/+
+ increased extracellular matrix production. Thus, constitutive activation of Smo in the mouse uterus alters postnatal uterine differentiation which interferes with early pregnancy. These results provide new insight into the role of Hedgehog signaling during embryo implantation. differentiation, implantation, mouse, smoothened, uterus
INTRODUCTION
Uterine development begins at E11.5 (Embryonic Day 11.5) in mice when an invagination of the mesenephros forms the Müllerian duct [1] . After Wolffian duct regression, development continues as the Müllerian duct forms the oviduct, uterus, and vagina. The uterus then differentiates to form two compartments: the myometrium and the endometrium. The endometrium is composed of the luminal and glandular epithelium and the fibroblastic stroma. Glandular development in mice initiates on Postnatal Day 5 with epithelial invaginations that eventually form simple tubular glands by adulthood [2] . Histotrophic secretions from the uterine glands have been shown to be necessary for embryo implantation and, thus, a successful pregnancy [2, 3] . Embryo implantation is a complex process consisting of embryo apposition, attachment, and invasion through the luminal epithelium [4] . These events are followed by the proliferation, differentiation, and vascularization of the fibroblastic stroma in a process known as decidualization. Estrogen (E2) and progesterone (P4), acting through their cognate receptors the estrogen receptor (ER) and the progesterone receptor (PR), mediate these changes in the uterine architecture through the actions of their target genes. One gene identified as being regulated by P4 signaling in the murine uterus is Indian hedgehog (Ihh) [5, 6] .
Ihh is a member of the mammalian Hedgehog (Hh) family of morphogens [7] . In the absence of Hh, its receptor patched 1 (Ptch1) represses the activity of the seven-span transmembrane protein smoothened (SMO). Upon Hh binding to PTCH1, this repression is removed and SMO activates the GLI family of transcription factors to initiate the transcription of Hh target genes, such as Ptch1, GLI-Kruppel family member 1 (Gli1), and chicken ovalbumin upstream promoter transcription factor II (COUP-TFII, official symbol, Nr2f2) [7] [8] [9] . Loss of Hh signaling results in embryonic lethality and multiple developmental defects whereas activation of Hh signaling has been implicated in various diseases, such as basal cell carcinoma, medulloblastoma, and rhabdomyosarcoma [7] .
Ihh has been shown to play a critical role in bone development [10] . Half of the Ihh À/À mice die prior to birth, but those that survive die at birth due to skeletal abnormalities that do not allow the lungs to expand. Bone development occurs both by intramembranous ossification and endochondral ossification [11] . During endochondral ossification, mesenchymal progenitor cells differentiate into chondrocytes that produce the cartilage matrix, the guide for the future bone. The bone development defect of the Ihh À/À mice was shown to be due to defects in both chondrocyte proliferation and maturation [10] . Furthermore, activation of Hh signaling using either constitutive activation of SMO or overexpression of Ihh was sufficient to initiate chondrocyte proliferation [12] . These data suggest that Hh signaling is a major mediator of chondrocyte proliferation and differentiation.
Ihh has also been shown to play a critical role in uterine function during early pregnancy [13] . When Ihh was conditionally ablated in the murine uterus using the Pgr tm2(cre)Lyd (hereafter referred to as PR cre ) mouse model, female mice were rendered infertile due to a failure of embryo implantation and an inability to undergo the artificially induced decidual response [14] . This defect was due to an improper preparation of the uterus for the incoming embryo as the uterine stroma exhibited decreased proliferation and reduced vascularization, both of which are necessary for successful embryo implantation and subsequent decidualization [13] . IHH may also have a role in the human endometrium as its expression decreases during the transition from the earlyto mid-secretory phases when cellular proliferation is reduced [15] . Furthermore, IHH was recently identified as a gene that was significantly decreased in women with endometriosis [16] . These data demonstrate a critical role for Ihh not only as a mediator of uterine function during pregnancy, but also possibly during the development of uterine diseases, such as endometriosis. Interestingly, the phenotype resulting from Nr2f2 ablation (either as heterozygotes or by conditional ablation) phenocopies the conditional Ihh knockout, further demonstrating a necessary role for Hh signaling during early pregnancy [17, 18] .
Therefore, in order to better understand the role of Ihh signaling in the uterus, we constitutively activated Hh signaling in the uterus by the expression of a mutant Smo allele. Previously, two mutations were identified which lead to constitutive activation of SMO in sporadic basal cell carcinoma: R562Q (SmoM1) and W535L (SmoM2) [19] . One of these mutations, the Gt(ROSA)26Sor tm1(Smo/EYFP)Amc (also known as SmoM2), was used to generate a mouse in which Hh signaling could be activated in a Cre-recombinasedependent manner [20] . Therefore, we crossed these mice to the PR cre mouse model to constitutively activate SMO in the murine uterus, Pgr tm2(cre)Lydþ Gt(ROSA)26Sor tm1(Smo/EYFP)Amcþ (hereafter referred to as PR cre/þ SmoM2 þ ) [14, 20] . Female PR cre/þ SmoM2 þ mice were found to be infertile due to an inability of the ova to be fertilized in vivo and a failure to undergo the artificially induced decidual response. Furthermore, the PR cre/þ SmoM2 þ uteri exhibited hypertrophy, an abnormal luminal epithelium, and a reduction in the number of uterine glands. The uterine hypertrophy was due to an alteration of the extracellular matrix as demonstrated by both immunohistochemical and microarray analysis. Thus, not only is loss of Ihh detrimental to uterine function, but constitutive activation of the Hh-signaling pathway also disrupts normal uterine function as well as postnatal uterine development.
MATERIALS AND METHODS

Animals and Hormone Treatments
Mice were maintained in the designated animal care facility at Baylor College of Medicine according to the institutional guidelines for the care and use of laboratory animals. SmoM2 mice were obtained from Dr. Andrew P. McMahon (Department of Molecular and Cellular Biology, Harvard University, Boston, MA) [20] . The control group includes PR
No differences were observed between the three genotypes of the control group. Eight-wk-old female mice were mated to wild-type male mice, and the day of the postcoital plug was designated as Day 0.5. Mice were killed on Day 4.5.
Superovulation was induced in 3-wk-old female mice by administering 5 international units (IU) of equine chronic gonadotropin intraperitoneally (i.p.) (VWR Scientific, West Chester, PA) followed by 5 IU human chorionic gonadotropin (hCG) i.p. (Pregnyl, Organon International, Roseland, NJ) 48 h later at which point they were placed with males. The mice were killed 24 h later, and oocytes were flushed from the oviducts and counted. Blood was collected from 3-mo-old mice, and serum was isolated by centrifugation using serum separator tubes (BD, Franklin Lakes, NJ). The serum was sent to the University of Virginia Center for Research in Reproduction Ligand Assay and Analysis Core for analysis of P4 by radioimmunoassay. In vitro fertilization was performed as previously described [21] . Briefly, female mice were administered superovulatory hormones as described above. The mice were killed 12 h after hCG injection and ova were collected. Sperm (1-2 million) was added 1.5 h later and was incubated for 4 h at 378C. The number of fertilized and unfertilized ova was assessed 24 h later by their development to the two-cell stage.
The artificial induction of decidualization has been previously described [22] . Briefly, 6-wk-old female mice were ovariectomized and treated with three daily injections of 100 ng E2 per mouse. After 2 days rest, mice were then treated with daily subcutaneous (s.c.) injections of 1 mg P4 and 6.7 ng E2 per mouse for 3 days. Six hours after the last injection, one uterine horn was traumatized by the injection of 50 ll of sesame oil. Mice were given daily s.c. injections of 1 mg P4 and 6.7 ng E2 per mouse following the trauma. Mice were kiled 5 days after the trauma by cervical dislocation while under an anesthetic, Avertin (2,2-tribromoethyl alcohol, Sigma-Aldrich, St. Louis, MO). At the time of dissection, uterine tissues were placed in 4% (vol/vol) paraformaldehyde (PFA) or flash frozen and stored at À808C.
b-Galactosidase Activity Staining
The expression of Ptch1 in the uterus was assayed by crossing Ptch1
In the process of ablating Ptch1, the LacZ gene was inserted into the Ptch1 locus, which allows us to assay for Ptch1 expression by b-galactosidase staining (i.e., X-gal staining) [23] . This staining was also used to investigate Cre activation by crossing the PR cre mouse model to the ROSA26-LacZ reporter mouse (Pgr tm2(Cre)Lyd Gt(ROSA)26Sor tm1Sor , hereafter referred to as PR cre/þ R26R þ ) [24] . In these mice, X-gal staining is indicative of Cre activation. Uteri were fixed in 4% PFA (vol/vol) for 3 h, followed by a sucrose gradient (10%, 15%, and 20% in Hanks balanced salt solution; Invitrogen, Carlsbad, CA) and embedded in optimal-cutting temperature compound. The X-gal staining solution was prepared by dissolving X-gal (Invitrogen, Carlsbad, CA) in dimethylformamide to make a 40 mg/ml solution. A 1 mg/ml solution was prepared by further diluting the X-gal solution in warm tissue stain base solution (Chemicon, Billerica, MA). The sections were cut at 12 lm, postfixed in 4% PFA, and stained with the X-gal staining solution overnight at 378C. Positive staining is visualized as a blue color, and the counterstaining is nuclear fast red.
Immunohistochemistry
Uteri were fixed overnight in 4% PFA (vol/vol), followed by thorough washing in 70% ethanol; tissues were processed, embedded in paraffin, and sectioned. Uterine sections from paraffin-embedded tissue were cut at 5 lm and mounted on silane-coated slides, deparaffinized, and rehydrated in a graded alcohol series. Sections were preincubated with 10% normal goat serum in PBS (pH 7.5) and then incubated with anti-CD10 (1:100, Novocastra, Newcastle upon Tyne, U.K.), anti-cleaved caspase 3 (1:100, Cell Signaling, Danvers, MA), anti-PR (1:200, DAKO, Carpinteria, CA), or anti-ERa (1:200, DAKO) in 10% normal serum in PBS (pH 7.5). On the following day, sections were washed in PBS and incubated with biotinylated secondary antibody (5 ll/ml; Vector Laboratories, Burlingame, CA) for 1 h at room temperature. Immunoreactivity was detected using the DAB Substrate kit (Vector Laboratories); the immunoreactivity was visualized as brown staining. Slides with no primary antibody were used as a negative control. Proliferation was assessed using the Amersham Cell Proliferation kit (GE Healthcare, Piscataway, NJ) according to manufacturer's instructions. Alcian blue and Masson trichrome staining were performed by the Baylor College of Medicine Center for Comparative Medicine Comparative Pathology Laboratory according to standard protocols.
RNA Isolation and Microarray Analysis
Total RNA was extracted from uterine tissues using the Qiagen RNAeasy total RNA isolation kit (Qiagen, Valencia, CA). The RNA was pooled from the uteri of three mice per genotype. All the RNA samples were analyzed with a Bioanalyser 2100 (Agilent Technologies, Wilmington, DE) before microarray hybridization. The fragmented, labeled cRNA (15 lg) was hybridized to Affymetrix mouse genome 430 2.0 arrays (Affymetrix, Santa Clara, CA) by the Baylor College of Medicine Microarray Core Facility. All the experiments were performed in triplicate with independent pools of RNA. Array data have been deposited in the Gene Expression Omnibus (GEO, GSE17263).
Affymetrix CEL files were processed using dChip (www.dchip.org, PM-MM model, invariant set normalization). Probe sets with average signal of ,40 992 FRANCO ET AL. units across profiles were filtered from the analysis. Two-sided t-tests and fold changes were carried out as previously described to define differentially expressed genes [25] . Differentially expressed genes were then classified according to Gene Ontology function using Affymetrix annotation (NetAffx; http://affymetrix.com/index.affx), and pathway analysis was performed using DAVID Analysis [26, 27] and Ingenuity Systems Software (Ingenuity Systems, Inc., Redwood City, CA). A two-sided P-value cutoff of 0.01 was used to define differentially expressed genes in the Mrugala dataset, and the one-sided Fisher exact test was used to define significance of overlap with the SmoM2-related gene sets (the gene population being the 15092 unique human ortholog genes represented on the mouse 430_2 array).
Real-Time PCR Analysis
Total RNA was extracted from uterine tissues using the Trizol reagent according to manufacturer's instructions (Invitrogen). One lg of the RNA was reverse transcribed into cDNA with M-MLV (Invitrogen) in a 20-ll volume. Expression levels of mRNA were measured by real-time PCR TaqMan analysis using the ABI Prism 7700 Sequence Detector System according to the manufacturer's instructions (PE Applied Biosystems, Foster City, CA). Realtime probes were purchased from Applied Biosystems (Foster City, CA). For a complete list, see Supplemental Table S1 (all the supplemental data are available online at www.biolreprod.org). All real-time PCR was done using independent RNA sets. All mRNA quantities were normalized against 18S RNA using ABI rRNA control reagents, and a no template control was used as a negative control. Statistical analyses used one-way ANOVA followed by Tukey post-hoc multiple range test with the Instat package from GraphPad (San Diego, CA).
RESULTS
Generation of Mice with Constitutive Activation of Smoothened in the Uterus
In order to further understand the role of Hh signaling in the uterus, we generated mice with constitutive activation of SMO in the uterus by crossing SmoM2 mice with the mouse model [14, 20] . These mice have SMO activated in all PR-positive cells, which includes all the compartments of the uterus. In order to determine where activation of Hh signaling occurred in the uterus with expression of the SmoM2 allele, we assayed for the expression of Ptch1. Using the Ptch1-LacZ reporter mouse (official symbol Ptch1 tm1Mps in which LacZ is expressed under the control of the Ptch1 promoter), blue Xgal staining can be seen specifically in the stroma of 3-mo-old PR cre/þ SmoM2 þ uteri but not that of the control uteri, indicating that Ptch1 is expressed only in the PR cre/þ SmoM2 þ stroma (Fig. 1A ) [23] . Ptch1 expression is normally restricted to the subepithelial stroma just prior to the time of embryo implantation (Fig. 1A) . Furthermore, the PR cre/þ SmoM2 þ mice exhibited an increase in the Hh target genes, Ptch1, Nr2f2, and Gli1, as shown by real-time PCR analysis of 3-mo-old whole uterus (Fig. 1B) . Thus, we have successfully generated mice in which SMO is constitutively activated in the stroma of the uterus.
Impact of Constitutive Activation of Smoothened on Female Fertility
In order to determine the effect of constitutive activation of Hh signaling on female fertility, female control and PR cre/þ SmoM2 þ mice were bred to wild-type male mice. During the time of observation, control mice exhibited normal fecundity whereas the PR cre/þ SmoM2 þ mice were found to be infertile (Table 1 ). These results demonstrate that constitutive activation of Hh signaling is detrimental to female fertility.
Because the PR cre mouse model recombines alleles in multiple reproductive tissues, we first assessed the impact of Hh activation on ovarian function [14] . Therefore, female control and PR cre/þ SmoM2 þ mice were administered superovulatory hormones (see Materials and Methods) and mated to wild-type male mice (N ¼ 8). The next morning, the number of fertilized and unfertilized ova was examined. Female SmoM2 þ mice (6.72 6 1.00 ng/ml) compared to controls (8.34 6 3.99 ng/ml). These results suggest that the impaired fertility of the PR cre/þ SmoM2 þ mice is partly due to a fertilization defect that is not due to a deficiency in the ova themselves.
To examine the effect of constitutive activation of SMO on uterine function, female PR cre/þ SmoM2 þ mice were assessed for their ability to undergo the artificially induced decidualization response. Six-wk-old female control and PR cre/þ SmoM2 þ mice were ovariectomized and treated with hormones to mimic pregnancy as previously described (see Materials and Methods) [22] . The mice received an injection of oil to mimic the implanting embryo and were killed 5 days later. Control mice responded normally with an increase in the weight of the decidual horn compared to the control horn, however, the PR cre/þ SmoM2 þ mice did not respond to the decidual stimulus ( Fig. 2A) . These results can be quantified by taking the ratio of the weight of the decidual horn to the control horn. Quantification confirmed the observations of the gross histology (Fig. 2B) . Furthermore, the expression of markers of decidualization, bone morphogenetic protein 2 (Bmp2) and wingless-related MMTV (mouse mammary tumor virus) integration site 4 (Wnt4), were significantly reduced in the decidual horn of the PR cre/þ SmoM2 þ mice compared to controls (Fig. 2C) . Thus, independent of the fertilization defect, the uterus displays a striking defect in its ability to undergo stromal cell decidualization.
In order to determine if constitutive activation of Smo affected uterine development, the uteri of control and PR cre/þ SmoM2 þ mice were examined. At 5 mo of age, the PR cre/þ SmoM2 þ uteri were larger than control uteri, demonstrating no change in uterine length but an increase in uterine diameter (Fig. 3A) . Examination of the uterine histology revealed no differences in the myometrium of the PR cre/þ SmoM2 þ uteri, but vast differences in the endometrium (Fig. 3, B and C) . In lieu of the simple columnar epithelium observed in the control uteri, the PR cre/þ SmoM2 þ uteri exhibited the presence of a second cell layer below the columnar epithelial cells (Fig. 3B) . Examination of these cells in 3-mo-old uteri demonstrated that these cells were p63 positive, indicating that they are of a basal cell type (Fig. 3C) . None of the control mice displayed the presence of this p63-positive basal cell population. In addition, the mice exhibited a reduction in the number of uterine glands and an increase in size of the uterine stroma. Real-time PCR analysis for forkhead box A2 (Foxa2), a protein expressed specifically in the glandular epithelium, further confirmed the reduction in uterine glands as the protein's expression was reduced in the PR cre/þ SmoM2 þ mice compared to controls (Fig. 3D ) [28] . To determine the age of onset of these histological features, we examined the histology of PR cre/þ SmoM2 þ uteri at various ages. The PR cre mouse model recombines alleles in the uterine epithelium and stroma at 10 days of age as shown by X-gal staining of the PR cre/þ R26R þ mice (Supplemental Figure S1 ) [24] . At this time point, SMO is activated as shown by the blue X-gal staining in the PR cre/þ SmoM2 þ Ptch þ/À mice, and this activation occurs specifically in the uterine stroma (Supplemental Figure S1 ). Therefore, we began examining mice at 1 mo of age to determine the age of onset of the phenotypic consequences resulting from Smo activation. No stromal or luminal epithelial defects were apparent at 1 mo and 6 wk of age in the PR cre/þ SmoM2 þ uteri compared to controls (data not shown). However, mice at this age did display a reduction in uterine glands. The stromal and luminal epithelial phenotype of these mice became apparent at 3 mo of age and became more marked with age. Thus, we focused our analysis on 3-mo-old uteri as this appears to be a transition time point.
The increase in stromal size could be explained by an increase in stromal cell proliferation or a decrease in apoptosis. However, immunohistochemical analysis of BrdU (bromodeoxyuridine), a cell proliferation marker, and cleaved caspase 3, an apoptotic marker, showed no difference between control and PR cre/þ SmoM2 þ mice at 3 mo of age (Supplemental Figure  S2) . Because the change in the uterine stroma was not due to an alteration in stromal cell proliferation or apoptosis, we 
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hypothesized that the phenotype observed may be due to a change in stromal cell differentiation. At 3 mo of age, uterine hypertrophy due to an expansion of the uterine stroma can already be observed in the PR cre/þ SmoM2 þ mice (Fig. 4A ). CD10 is a known marker of normal, mature human endometrial stromal cells [29] . To determine if differentiation of the stroma occurred, we stained for CD10. In the control mice, we observed stroma-specific staining of CD10, indicating that it also marks mouse endometrial stromal cells (Fig. 4B) . In contrast, the PR cre/þ SmoM2 þ mice exhibited a decrease in CD10 stromal staining. Thus, constitutive activation of SMO in the uterus alters the characteristics of the uterine stroma.
Since endometrial stromal cells exhibit reduced expression of the stromal cell marker CD10, we surveyed the stromal cells for the expression of other cell type-specific markers to determine if activation of SMO altered endometrial stromal differentiation. Uteri were assessed for their ability to differentiate into fat, muscle, or chondrocytes by oil-red-O staining, immunohistochemical analysis for smooth muscle alpha actin, or Alcian blue staining, respectively. There was no difference in oil-red-O staining or smooth muscle alpha actin levels between the control and PR cre/þ SmoM2 þ uteri indicating that the stromal cells were not differentiating into either fat or muscle (data not shown). Rather, the PR cre/þ SmoM2 þ uteri stained positive for Alcian blue, a marker of mucopolysaccharides and glycosaminoglycans (Fig. 4C) . These results suggested an alteration of extracellular matrix components. Therefore, we performed periodic acid Schiff (PAS) and Masson trichrome staining. The PR cre/þ SmoM2 þ uteri were PAS-negative, demonstrating that there was not an expansion of glycogen in these uteri (data not shown). However, there was increased collagen staining in the PR cre/þ SmoM2 þ uteri as evidence by blue staining in the Masson trichrome staining (Fig. 4D) . The Masson trichrome staining also confirmed that there was no alteration in the muscle content of the PR cre/þ SmoM2 þ uteri (red staining). Thus, the expansion of the PR cre/þ SmoM2 þ stroma is due to an alteration in the extracellular matrix. 
SMOOTHENED REGULATES UTERINE DIFFERENTIATION
Microarray Analysis of the
In order to determine the mechanism by which SMO regulates the extracellular matrix, high-density DNA microarray analysis was performed on 3-mo-old control and PR cre/þ SmoM2 þ uteri. Total RNA extracts were subjected to microarray analysis using the Affymetrix mouse genome 430 2.0 arrays. This analysis revealed 1383 and 1260 Affymetrix probe sets (each representing a gene transcript) with abundances significantly increased or decreased, respectively, in the PR cre/þ SmoM2 þ uterus compared to controls (P , 0.01, fold change .1.5). A complete list of the genes increased and decreased can be found in Supplemental Tables S2 and S3 , respectively. Pathway analysis using DAVID Analysis and Ingenuity Systems Software revealed a number of pathways regulated by Hh activation, including, but not limited to, WNT signaling, vitamin D activation, cell communication, tight junction signaling, and IGF1 (insulin-like growth factor 1) signaling (Supplemental Table S4 ) [26, 27] .
Because of the established role of Hh signaling in chondrocyte proliferation and differentiation [10, 12] and the increased staining of extracellular matrix markers in the PR cre/þ SmoM2 þ uteri, we decided to compare our array list to results of an array dataset from Mrugala et al. in which mesenchymal stem cells were induced to form chondrocytes by treatment with either BMP2 or transforming growth factor beta 2 (TGFB2) [30] . This analysis demonstrated that there was significant overlap between the results of the Mrugala dataset and our dataset, which indicated that the PR cre/þ SmoM2 þ uteri were expressing a chondrocytic signature (Supplemental Table S5 ). Of the 914 distinct human orthologs of genes increased in the PR cre/þ SmoM2 þ uteri, 51 were BMP2-induced and 37 were TGFB2-induced at 21 days in the Mrugala dataset (P , 5EÀ5 and P , 0.01, respectively, one-sided Fisher exact test). Of the 819 human orthologs decreased in the PR cre/þ SmoM2 þ uteri, 34 were BMP2-repressed and 34 were TGFB2-repressed (P , 0.01 for each, one-sided Fisher exact test). Furthermore, we also compared our array list to genes found specifically in cartilage [31] . Again, there were a number of genes that overlapped between the two gene lists with 13 genes in the PR cre/þ SmoM2 þ microarray data set identified as cartilage specific (Supplemental Table S6 ). To confirm these results, real-time PCR analysis was performed on some of the identified genes. Both Bmp2 and wingless-related MMTV integration site 5A (Wnt5a), another known inducer of chondrocyte differentiation [32] , were increased in the PR cre/þ SmoM2 þ uteri compared to controls (Fig. 5A) . In addition, members of the parathyroid hormone-signaling pathway (Pthlh/Pthrp and Pthr1) were significantly increased in the PR cre/þ SmoM2 þ uteri (Fig. 5A ). This signaling pathway has previously been shown to act downstream of Ihh in bone formation, suggesting that its induction in the PR cre/þ
SmoM2
þ uterus may explain the observed phenotype [33] . The expression of genes induced during chondrocyte differentiation-collagen 11a1 (Col11a1), laminin alpha 2 (Lama2), nidogen 1 (Nid1), cartilageassociated protein (Crtap)-or identified as cartilage specific-podoplanin (Pdpn), hyaluron synthase 2 (Has2), collagen 11a1 (Col11a1)-were significantly increased in the SmoM2 uteri (Fig. 5B) . Furthermore, the extracellular matrix components bigylcan (Bgn) and fibromodulin (Fmod) were also found to be increased in the PR cre/þ SmoM2 þ uteri (Fig. 5B) . These results confirm that there is an alteration of the extracellular matrix upon constitutive activation of Smo in the uterus.
Nonuterine Phenotype Observed in the SmoM2
The only nonuterine phenotype observed in the PR cre/þ SmoM2 þ mice was the presence of upper body tumors (Supplemental Figure S3) . These tumors were located in the muscle surrounding the mammary gland and resembled rhabdomyosarcomas that have been previously associated with activation of Hh signaling [34] [35] [36] [37] . Although the focus of this study is to assay the impact of PR cre/þ SmoM2 þ expression on the uterus, the presence of these tumors limited our study of the uterus as we were only able to observe mice until they reached 5 mo of age.
DISCUSSION
Previously, we demonstrated that the Hh-signaling pathway is critical for uterine function as conditional ablation of Ihh in the uterus rendered female mice infertile due to an inability of embryo attachment and subsequent decidualization [13] . In order to further understand the role of Hh signaling during embryo implantation, we constitutively activated SMO in the uterus using the PR cre mouse model [14] . The PR cre mouse model recombines alleles in all PR-positive cells, which includes the mammary gland, pituitary, corpus luteum of the ovary, and all compartments of the uterus [14] . Stroma-specific activation of SMO was verified by stroma-specific activation of the Ptch1 promoter as evidence by the Ptch1-LacZ reporter mice (Fig. 1A) . This expression occurred throughout the stromal compartment that is in contrast to normal activation, which occurs only in the subepithelial stroma. Furthermore, Hh target genes were significantly increased in the PR cre/þ SmoM2 þ uteri (Fig. 1B) . Therefore, we successfully generated mice with SMO activation in the uterus. The limited expression of SmoM2 in the uterine stroma may be due to inefficient recombination of this particular allele in the luminal epithelium, inefficient expression of the SmoM2 transgene after activation, or a lack of the ability of luminal epithelial cells to support signaling downstream of Smo.
Constitutive activation of SMO resulted in female mice that were infertile due to the inability of ova to be fertilized in vivo and the lack of the uterus to undergo a decidual response. Female PR cre/þ SmoM2 þ mice exhibited normal ovulation in response to superovulatory hormones. These ova exhibited normal cumulus expansion which is in contrast to the Amhr2 cre/þ SmoM2 (official symbol Amhr2 tm3(cre)Bhr Gt(RO-SA)26Sor tm1(Smo/EYFP)Amcþ ) mice that exhibited a defect in cumulus expansion [38] . This discrepancy can be potentially explained by the activation of the SmoM2 allele late in folliculogenesis in the PR cre/þ SmoM2 þ mouse at which point SMO activation has no effect on folliculogenesis. In addition, normal serum P4 levels were observed in the PR cre/þ SmoM2 þ mice compared to controls. These data suggest that ovarian function was unaffected in these mice. Interestingly, fertilization of the ova in the PR cre/þ SmoM2 þ mice did not occur. As the ova were able to be fertilized in vitro, this suggests that the defect is not due to an intrinsic defect in the ova themselves, but may be due to a defect in sperm transport as a result of the altered uterine morphology of the PR cre/þ SmoM2 þ mice. In mice, sperm is initially deposited in the vagina at which point it is quickly transported through the cervix to the uterus [39] . Once in the uterus, sperm is transported to the oviduct through the combined actions of myometrial contractions, cervical mucosal flow, and the actions of mucins and glycoproteins that line the uterine lumen. The entrance of sperm to the uterine cavity triggers an immune response highlighted by an infiltration of leukocytes that could destroy the sperm, demonstrating the importance of 996 efficient sperm transport from the site of deposition to the site of fertilization. Because of the drastic changes observed in the PR cre/þ SmoM2 þ uteri, any of these steps in sperm transport could be affected by Hh activation resulting in no fertilization. Therefore, further investigation needs to be done to determine if any of these actions are altered by Smo activation that results in the defect in fertilization.
In order to assess the functionality of the uterus, female PR cre/þ SmoM2 þ mice were assessed for their ability to undergo the artificial decidual response. While control mice exhibited a normal increase in size and weight of the decidual horn, PR cre/þ SmoM2 þ mice failed to achieve any response, which was confirmed by the lack of expression of the decidual markers Bmp2 and Wnt4 (Fig. 2) . Since conditional ablation of Ihh and constitutive activation of SMO both result in a lack of a decidual response, this suggests that the level of Hh signaling must be tightly regulated in the uterus in order for a successful pregnancy to occur. In addition to the possible intrinsic defect in the uterine stromal cells, the lack of a decidual response may also be due to the reduction in the number of uterine glands in the PR cre/þ SmoM2 þ uteri (Fig. 3B ). Uterine glands have been shown to be critical for embryo implantation as they secrete factors necessary for survival of the embryo [2, 3] . One such factor is leukemia inhibitory factor (Lif). LIF is produced by the uterine glands and has been shown to be critical for embryo implantation as female Lif À/À mice fail to achieve successful embryo implantation [40] . Furthermore, the uteri are unable to undergo the artificially induced decidual response [41] . Thus, secretions from the uterine glands are critical for successful embryo implantation and subsequent decidualization.
The diminished number of uterine glands in the PR cre/þ SmoM2 þ mice may provide insight into the regulation of uterine gland development. Glandular development in the mouse initiates on Postnatal Day 5 with the invagination and budding of the luminal epithelium [2] . This budding persists until around Postnatal Day 15 when the presence of simple tubular glands can be observed. While little is known about the regulation of gland development in mice, administration of the progestin norgestomet in neonatal sheep inhibits gland formation [42] . These data suggest that inappropriate P4 signaling is detrimental to gland formation in sheep. In the PR cre/þ SmoM2 þ uterus, there is a reduction in the number of uterine glands (Fig. 3) . Because Ihh is a P4-regulated gene, activation of Hh signaling using the SmoM2 allele may lead to inappropriate P4 signaling and thus inhibition of glandular formation in the mouse as in the sheep. This appears to occur independent of an alteration in steroid hormone receptor levels as both PR and ER levels were unaffected by SMO activation (Supplemental Figure S4) . Interestingly, as SMO activation was only observed in the stroma, this suggests that the uterine stroma acts on the epithelium to regulate glandular development. Identification of the paracrine factor necessary for this regulation will be critical to understand the mechanism of endometrial glandular development.
In addition to the reduction in uterine glands, female PR cre/þ SmoM2 þ mice exhibit uterine hypertrophy that is not due to alterations in proliferation or apoptosis. genes previously identified as cartilage specific. Previous studies examining bone development established a critical role for Hh signaling in bone formation that includes chondrocyte proliferation and differentiation resulting in the production of a cartilaginous matrix [10] . We have validated a number of these genes as being up-regulated in the PR cre/þ SmoM2 þ uterus, including both signaling molecules shown to be critical for chondrocyte proliferation and differentiation as well as genes that compose the extracellular matrix (Fig. 5) . For instance, the mechanism by which Hh signaling promotes bone development has been intimately linked to parathyroid hormone signaling [33] . In the PR cre/þ SmoM2 þ uterus, both the ligand (Pthlh) and the receptor (Pthr1) are up-regulated, indicating an up-regulation of this signaling pathway (Fig. 5) . In addition, we have shown that Hh activation results in increased Wnt5a expression, which has been shown to be necessary for bone formation as ablation of Wnt5a in mice leads to a defect in bone development [32] . Finally, administration of recombinant BMP2 to mesenchymal stem cells is sufficient to induce differentiation into chondrocytes, and in the 3-mo-old PR cre/þ SmoM2 þ uterus, Bmp2 expression is significantly increased [30] . Thus, there is great commonality between uterine-and bone-signaling pathways, and activation of SMO in the uterus leads to a chondrocytic phenotype. Furthermore, cultured endometrial stromal cells, both human and bovine, have been shown to exhibit chondrocytic/osteogenic properties, which may occur as a result of a perturbation in endometrial Hh signaling [43, 44] . In addition to demonstrating that Hh activation results in the induction of genes involved in chondrocyte proliferation and differentiation, these data also suggest that SMO activation may be affecting a progenitor cell population as the uterine stromal cells exhibit an altered differentiation profile; additional studies need to be conducted to explore this further.
Furthermore, the idea that activation of SMO in the mouse uterus affects a uterine progenitor cell population is consistent with the observed phenotype of the PR cre/þ SmoM2 þ luminal epithelium. Instead of a simple columnar epithelium, the PR cre/þ SmoM2 þ luminal epithelium also contained a p63-positive basal cell layer (Fig. 3C) . Previously, activation of Hh signaling has been implicated in the proliferation and subsequent expansion of p63-positive basal cells in the skin as overexpression of the Hh ligands resulted in increased epidermal p63-positive cell layers [45] . In the female reproductive tract, p63-positive basal cells are localized to the cervix and vagina [46] . They have been observed in the uterus upon in utero exposure to the synthetic estrogen diethylstilbesterol or genetic ablation of the WNT-signaling ligands, Wnt7a and Wnt5a [47] [48] [49] . The mechanism by which Hh signaling is involved in the differentiation of the uterine basal cell layer remains unknown. However, because activation of Hh signaling was only observed in the uterine stroma, this suggests that, as with glandular development, the appearance of basal cells in the PR cre/þ SmoM2 þ uterus may be due to the uterine stroma acting on the luminal epithelium and may also involve an influence of Hh signaling on a progenitor cell population. Elucidating the paracrine factors involved in this stromal-epithelial communication are vital for understanding the development of these basal cells in the uterus.
The ability to investigate the effect of aging on the PR cre/þ SmoM2 þ mice was prevented by the development of rhabdomyosarcomas in the pectoral muscles of the mice (Supplemental Figure S3) . Previously, Hh signaling has been implicated in the development of rhabdomyosarcomas as mice that lost a copy of Ptch or that experienced inducible SMO activation develop these tumors [34] [35] [36] [37] . The presence of this phenotype was surprising as PR cre recombination of floxed alleles has not be observed in the muscle [14] . Thus, the development of these tumors may not be a direct effect of SMO activation in the muscle, but may possibly be due to indirect developmental or paracrine effects from surrounding tissue.
In conclusion, we have demonstrated that constitutive activation of SMO in the murine uterus renders female mice infertile as a result of an inability of ova to be fertilized in vivo and the uterus to exhibit a decidual response. In addition, PR cre/þ SmoM2 þ mice exhibit abnormal uterine development such that there is the appearance of a p63-positive basal cell layer in the luminal epithelium, a reduction in the number of uterine glands, and an alteration of the stromal extracellular matrix. Thus, tight regulation of the Hh-signaling pathway is necessary not only for normal uterine function, but also for proper development of the uterus.
